Lagrangian acceleration of passive tracers in statistically-steady
  rotating turbulence by Del Castello, Lorenzo & Clercx, Herman J. H.
ar
X
iv
:1
30
7.
66
72
v2
  [
ph
ys
ics
.fl
u-
dy
n]
  2
6 J
ul 
20
13
Lagrangian acceleration of passive tracers in statistically-steady rotating turbulence
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The statistical properties of the Lagrangian acceleration vector of passive tracers in statistically-
steady rotating turbulence is studied by Particle Tracking Velocimetry. Direct effects of the back-
ground rotation are the suppression of high-acceleration events parallel to the (vertical) rotation
axis, the enhancement of high-acceleration events for the horizontal acceleration, and the strong
amplification of the auto-correlation of the acceleration component perpendicular to both the rota-
tion vector Ω and local velocity vector u. The auto-correlation of the acceleration component in the
plane set up by Ω and u is only mildly enhanced.
Geophysical flows in the oceans, the atmosphere and
the liquid core of the Earth, astrophysical flows, and flows
inside rotating industrial machineries are all strongly af-
fected by background rotation. Moreover, these flows are
turbulent. How the Coriolis force contributes to the sta-
tistical anisotropy of rotating turbulence and its trans-
port properties is still in debate, and the Lagrangian
description of rotating turbulence has hardly been ad-
dressed. This Letter focuses on the latter aspect.
Although in recent years substantial experimental [1, 2]
and numerical [3] data on acceleration statistics became
available for non-rotating turbulence, much less is up to
date known for rotating turbulence. The present exper-
imental study reports on the influence of the Coriolis
force on the acceleration of passive tracers in statistically-
steady rotating turbulence, both in terms of particle
acceleration magnitude and of the Lagrangian auto-
correlation of its components. The experimental data
reveal the dynamical properties of the turbulent rotating
flow, clearly identify the specific acceleration component
affected by rotation, and provide input for future nu-
merical and theoretical studies. The analysis is based
on the same dataset as used previously to investigate La-
grangian velocity statistics [4], which thus focused on the
Lagrangian kinematics of the flow field. From that study
it was concluded that the velocity component parallel to
the (vertical) rotation axis gets strongly reduced (com-
pared to the horizontal ones) while rotation is increased.
Moreover, the auto-correlation coefficients of the velocity
components are progressively enhanced for increasing ro-
tation rates, although the vertical one shows a tendency
to decrease for slow rotation rates.
The experimental setup consists of a tank filled with an
electrolyte solution (density ρf = 1.19 g/cm
3 and kine-
matic viscosity ν = 1.319 mm2/s), a turbulence gener-
ator, and an optical measurement system. Four digital
cameras (Photron FastcamX-1024PCI) acquire images of
the central-bottom region of the flow domain. These key
elements are mounted on a rotating table, so that the flow
is measured in the rotating frame of reference. Technical
details of the setup and turbulence generation mechanism
are provided in Refs. [4–6].
The Lagrangian correlations are measured by means of
Particle Tracking Velocimetry (code by ETH, Zu¨rich [7]).
PMMA particles (diameter dp = 127 ± 3 µm and den-
sity ρp = 1.19 g/cm
3) are used, which are passive flow
tracers both in terms of buoyancy (ρp/ρf = 1) and iner-
tial effects (Stokes number St = O(10−3)). The data is
then processed in the Lagrangian frame, where the tra-
jectories are filtered and the three-dimensional (3D) time-
dependent signals of acceleration are extracted following
the approach by Lu¨thi [8]: the raw position signal at time
t is filtered by fitting cubic polynomials along the trajec-
tories to remove the measurement noise. The fit is per-
formed on a segment of the trajectory [t−10∆t; t+10∆t],
with ∆t the PTV time-step. This segment is found to
be the optimal filter width to remove the background
noise (with amplitude O(10−5) m) from the data (Kol-
mogorov length scale typically not smaller than 0.5 mm).
For each time t and each Cartesian component, a system
of equations based on 21 data points is formulated and
solved, yielding the coefficients of the cubic polynomials.
These are then used to find the filtered position, velocity
and acceleration components. The frequency response
of the applied smoothing filter is proportional to 1/∆t3,
1/∆t2, and 1/∆t for xi(t), vi(t) and ai(t), respectively.
With the present setup, up to 2500 particles per time-
step have been tracked on average in a volume with size
100× 100× 100 mm3, thus roughly 1.5LF , with LF = 70
mm the integral scale of the turbulent flow, along each
coordinate direction.
The flow is subjected to different background rotation
rates Ω ∈ {0; 0.2; 0.5; 1.0; 2.0; 5.0} rad/s around the
vertical z-axis. The PTV time-step is chosen to be
∆t = 16.7 µs for the first four runs, and ∆t = 33.3 µs
for Ω = 2.0 and 5.0 rad/s. The mean kinetic energy of
the turbulent flow is statistically steady in time and de-
cays in space along the upward vertical direction. The
flow is fully turbulent in the bottom region of the con-
tainer where the measurement domain is situated. Eule-
rian characterisation of the (rotating) turbulent flow with
stereo-PIVmeasurements has been reported elsewhere [5]
and are in excellent agreement with data extracted from
the current PTV measurements [4, 6]. The stereo-PIV
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FIG. 1. (color online) PDFs of axy (a) and az (b) of the ac-
celeration for all experiments in linear-logarithmic scale. The
time-lag corresponds to the PTV time-step ∆t (see text).
experiments reveal that the flow is statistically homo-
geneous in the horizontal plane and approximately sta-
tistically isotropic at midheight in the measurement do-
main. Statistically averaged data from the x- and y-
components of the acceleration vector should yield simi-
lar results, and we will therefore consider horizontally av-
eraged quantities only. For example, the three standard
deviations for the acceleration components, σi = 〈a
2
i 〉
1/2,
with i ∈ {x, y, z}, are reduced to σh =
1
2
(σx + σy) and
σz . The root-mean-square velocity urms averaged over
horizontal planes is typically 10 to 15 mm/s. For the
Kolmogorov length and time scales we found the typical
values 0.6 mm . η . 0.8 mm and 0.25 s . τη . 0.55 s,
respectively. The Taylor-scale Reynolds number is in the
range 70 . Reλ . 110 for all rotation rates. The accel-
eration standard deviation and the kurtosis are given in
Table I. The strong suppression of vertical accelerations
at Ω = 5.0 rad/s, see Table I, represents a classical sig-
nature of fast rotation, i.e. the two-dimensionalisation of
the flow field. Despite the anomalous behaviour for Ω = 2
rad/s (for a brief discussion, see Ref. [4]), the ratio of
vertical versus horizontal standard deviation, ξ = σz/σh,
decreases monotonously with increasing Ω.
The influence of rotation is first analysed in terms of
the PDFs of the components of the particle acceleration
vector, see Fig. 1. The horizontally averaged one (axy)
is based on 8 × 106 and the z-component on 4 × 106
data points. We compared the PDFs of the acceleration
components for the non-rotating experiment with results
from the literature [1], and observed largely similar fea-
tures: highly non-Gaussian distributions. In order to
assess the convergence of the acceleration PDFs we per-
formed a more systematic statistical analysis of the raw
velocity data from PTV. Following Ref. [2], we computed
a series of PDFs of the Lagrangian velocity increments
by decreasing the time-lag from 32∆t to ∆t. We nor-
malized the PDFs with their variances and observed the
evolution from a roughly Gaussian shape to the shape of
our Lagrangian acceleration PDFs for decreasing time-
lag (and approaching a converged shape with decreasing
time-lag). These results also support the statistical in-
termittency of the acceleration PDFs measured in our
Ω (rad/s) 0 0.2 0.5 1.0 2.0 5.0
σh =
1
2
(σx + σz) (mm/s2) 28.6 25.3 24.7 29.4 41.0 39.3
σz (mm/s2) 24.3 20.6 18.6 15.9 19.6 7.1
ξ = σz/σh (–) 0.85 0.81 0.75 0.54 0.48 0.18
Kh =
1
2
(Kx +Ky) (–) 11.1 13.8 15.0 13.6 8.7 7.9
Kz (–) 10.4 12.6 13.4 14.9 9.0 26.7
Ro = urms/(2ΩL
F ) (–) ∞ 0.47 0.20 0.13 0.09 0.02
Ek × 105 (–) ∞ 10 4 2 1 0.4
δEk (mm) ∞ 2.5 1.6 1.1 0.8 0.5
TABLE I. Standard deviation σi = 〈a
2
i 〉
1/2 and kurtosis Ki =
〈a4i 〉/〈a
2
i 〉
2 (with i ∈ {x, y, z}) of the acceleration distributions
for all (non-)rotating experiments. For each one, the Ekman
number Ek = ν/(ΩL2z), with Lz = 250 mm the vertical size
of the flow domain, and the thickness of the Ekman boundary
layer δEk =
√
ν/Ω is also given.
experiment. However, due to a slight temporal under-
resolution of our measurements, we are not able to mea-
sure the highest acceleration events. This is revealed by
the end tails of the PDFs, which gets slightly lower for ac-
celerations higher than 0.1 m/s2. Fortunately, this does
not hamper the qualitative comparison of PDFs obtained
for different rotation rates, which is the central issue in
the current investigation.
Rotation does not influence the PDF of the horizontal
acceleration components in a monotonic way. The tails
of the PDFs get slightly lower for Ω = 0.2 and 0.5 rad/s.
They get higher and significantly higher for Ω = 1.0 and
2.0 rad/s, respectively. Only the end tails get slightly
lower when the rotation rate is further increased from
2.0 to 5.0 rad/s. The PDF of the vertical acceleration
component, on the contrary, have its tails monotonically
lowered as the rotation rate is increased. This indicates
the importance of the two-dimensionalisation process in-
duced by rotation which affects the accelerations of pas-
sive tracers, despite the same 3D steady forcing is applied
to the flow at every rotation rate.
The PDFs shown in Fig. 1 are quantified by extracting
values of σi, skewness Si = 〈a
3
i 〉/〈a
2
i 〉
3/2 and kurtosis
Ki = 〈a
4
i 〉/〈a
2
i 〉
2. As can be conjectured from Fig. 1, the
PDFs are not appreciably skewed, which is confirmed by
the fact that Si ≈ 0 for all rotation rates. The values
for σi and Ki (with i = h or z) are presented in Table I.
Although a slight decrease of σi is observed for slow rota-
tion (Ω ∈ [0.2; 0.5] rad/s), σh increases substantially for
large rotation rates (Ω ∈ [1.0; 5.0] rad/s). However, σz
is strongly suppressed. The values for Kh and Kz reveal
non-monotonic variations. In fact, a mild background ro-
tation (Ω ∈ [0.2; 0.5] rad/s) is seen to amplify the kurtosis
of all acceleration components, while a further increase
of rotation (Ω ∈ [1.0; 2.0] rad/s) induces a reduction of
the kurtosis. Such a reduction proceeds when Ω is raised
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FIG. 2. (a) Sketch of the decomposition of the acceleration
in the longitudinal (al), transversal (partially) vertical (atv),
and transversal horizontal (ath) components. (b) Lagrangian
auto-correlation coefficients for the non-rotating experiment.
Correlations of al, atv, and ath, the modulus of acceleration
|a|, and its polar angle θa in the horizontal xy-plane.
to 5.0 rad/s for what concerns Kh, but Kz, instead, is
strongly enhanced for the fastest rotating run, reflecting
the strong suppression of az induced by rotation (and
quantified by the corresponding value of σz in Table I).
The values for Ki for no or mild background rotation are
also in good agreement with the ones reported in the lit-
erature for isotropic turbulence at comparable Reλ (see,
e.g., the inset of Fig. 2(a) in Bec et al. [9]).
The Lagrangian auto-correlation coefficients (as function
of the time separation τ) for the Cartesian acceleration
components ai, with i ∈ {x, y, z}, are obtained aver-
aging over a sufficient number of trajectories, and nor-
malising with the variance of the single component, i.e.
RLai(τ) ≡ 〈ai(t)ai(t+ τ)〉/〈a
2
i (t)〉. The Lagrangian accel-
eration for the non-rotating case is found to decorrelate
with itself within 2.5τη, and each component shows the
well-known negative loop (a mild anti-correlation at short
times). The decorrelation process of the Cartesian com-
ponents is due to the change of the direction of the accel-
eration vector, rather than to a change of its magnitude.
These observations agree with known features of the La-
grangian acceleration in homogeneous isotropic turbu-
lence. The values reported in the literature show a strong
dependence with the Reynolds number: the time separa-
tion of the first zero-crossing of the auto-correlations of
single acceleration components ranges from 2τη to 10τη,
for 100 . Reλ . 1000. Our measurements of the non-
rotating flow confirm the general picture: the dynamics
of the Lagrangian acceleration vector involves both the
dissipative scale τη (over which it rapidly changes direc-
tion), and the integral time-scale (relevant for the evolu-
tion of its magnitude).
We also computed the correlation coefficients of the lon-
gitudinal (al), the transversal horizontal (ath), and the
transversal (partially) vertical (atv) components of the
acceleration vector. This decomposition is sketched in
Fig. 2a, where a curved particle trajectory is marked as
a thick dotted line, and the transversal plane (the plane
perpendicular to the velocity vector u) is denoted as Πt.
The acceleration vector a is first decomposed into its lon-
gitudinal and transversal components, where the longitu-
dinal acceleration is defined as the projection over the ve-
locity unit vector (uˆ ≡ u/|u|), al = a · uˆ. The transversal
horizontal acceleration is defined as the projection over
the direction h, which is simultaneously perpendicular to
the velocity vector u and to the vertical unit vector ez:
ath = a · h, with h · u = 0, h · ez = 0, and |h| = 1.
The direction of h is sketched as a thin dashed line, and
it represents the intersection of the plane Πt with the
horizontal plane passing by the current particle position.
The transversal (partially) vertical acceleration is defined
as the remaining component, atv = |a− aluˆ− athh|, and
is in general not purely vertical. We are particularly in-
terested in such decomposition of the acceleration vector
because the Coriolis acceleration introduced by the back-
ground rotation acts solely in the direction perpendicular
to the rotation axis, and perpendicular to the velocity
vector. Therefore, it is expected that rotation will di-
rectly affect the transversal horizontal component ath of
the acceleration of the fluid particles, but it is yet unclear
if and how strong the components al and atv are affected.
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FIG. 3. (Color online) Lagrangian auto-correlation coeffi-
cients of axy (top) and az (bottom) for all experiments. The
time is normalised with the Kolmogorov time scale τη.
The correlation coefficients of the modulus |a|, the polar
angle θa in the horizontal xy-plane of the acceleration
vector, together with the correlation coefficients of the
longitudinal (al), the transversal horizontal (ath), and
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FIG. 4. (Color online) From left to right, the Lagrangian auto-correlation coefficients of al, atv, ath for all experiments. The
time is normalised with the Kolmogorov time scale τη. Note that in the last plot a different scale for the time axis is used.
the transversal (partially) vertical (atv) components of
the acceleration vector, all for the non-rotating exper-
iment, are shown in Fig. 2b. The components al and
atv decorrelate with themselves on the same (very short)
time scale as that for the single Cartesian components
ai and the polar angle θa. They show a similar negative
loop typical of the correlation curves of every Cartesian
component. The transversal horizontal component ath
remains mildly correlated for a longer time, roughly 5τη.
The Lagrangian auto-correlation coefficients of the
Cartesian acceleration components ah and az are shown
in Fig. 3 for all (non-)rotating experiments, with time
normalised with the Kolmogorov time scale τη and in
linear-linear scale. Fig. 4 displays the Lagrangian auto-
correlation coefficients of the components al, atv, and
ath. In our data, the statistical accuracy is a decreas-
ing function of the time-lag, and the autocorrelations re-
veal important statistical noise at long times. Despite
this, relevant trends are clearly revealed already at short
and intermediate times. The effects of rotation on the
correlations of the Cartesian components get apprecia-
ble for Ω = 1.0 rad/s, and important for Ω = 2.0 and
5.0 rad/s. For these runs, the time scale of the decorrela-
tion process is significantly increased, as revealed by the
temporal shift of the negative loop of the correlations of
the horizontal component, and to a lesser extent of the
vertical component. The plots shown in Fig. 4 illustrate
that the correlations of the longitudinal and transver-
sal (partially) vertical components are only mildly af-
fected by rotation, even for the highest rotation rates.
The transversal horizontal component is instead strongly
affected by the background rotation: at Ω = 2.0 rad/s
its coefficient is still around 0.3 for time separations over
30τη, and the correlation gets only partially reduced for
Ω = 5.0 rad/s. This confirms the direct role played by
the Coriolis acceleration in the amplification of the La-
grangian acceleration correlation in rotating turbulence.
We have investigated the influence of the Coriolis accel-
eration on the statistical properties of the Lagrangian
acceleration vector in statistically-steady rotating turbu-
lence by means of PTV. Rotation is confirmed to suppress
high-acceleration events (reduced intermittency) along
the direction parallel to the rotation axis, and to am-
plify considerably the auto-correlation of the component
of the transversal acceleration perpendicular to the ro-
tation axis (ath), while hardly affecting the other two
components (al, atv).
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